Abstract An optimized sol-gel process has been developed to produce homogeneous thin films of calcium aluminate binary (12CaOÁ7Al 2 O 3 ) compound, on magnesium oxide substrates via spin coating. Fourier transform infrared and Raman spectroscopies have been employed to investigate the effect of annealing temperature and duration on the phase transformations in the films. Heat treatment at 1,300°C under air atmosphere for 2 h produced singlephase 12CaOÁ7Al 2 O 3 films. However, annealing at a lower temperature of 1,100°C in air for a period of 4 h in total resulted in the crystallization of 5CaOÁ3Al 2 O 3 rather than 12CaOÁ7Al 2 O 3 . The X-ray photoelectron spectrum of the thin film annealed at 1,300°C corresponds to the binding energies of C12A7 compound. The annealing temperature of 1,300°C for 2 h is found to be sufficient for formulating single phase calcia-alumina binary films in correct stoichiometric ratio of 12:7.
Introduction
Recent developments in the field of thin-film-based optoelectronic devices, such as thin film transparent transistors and solar cells, have led to an increasing interest in the fabrication of high quality thin films of insulating, semiconducting and conducting types in order to achieve a high efficiency and improved chemical stability in different environments. The calcia-alumina binary compound 12CaOÁ7Al 2 O 3 , or C12A7, has been widely known for several years as one of the main constituents of calcium aluminate cements. However, it has been recently discovered that it can be used a fast oxide-ion conductor due to its unique structure [1] . The stoichiometric chemical composition of the unit cell is represented as [Ca 24 4 ? is the positively charged framework with 12 sub-nanometer-sized cages [2] [3] [4] . This means that each cage has a mean charge of ?1/3. In order to compensate for the positive charge of the framework, 2O 2- oxygen ions are incorporated in each unit cell and distributed randomly inside 2 out of 12 cages. The incorporated oxygen ions in C12A7 structure can be replaced by other anions, such as O -, O 2 2-, OH -, or even by electrons and the material exhibits different physical properties depending on the type of incorporated anions without a significant change in the structure of the lattice. C12A7 has gained much attention for potential applications in various fields, such as ion conducting solid electrolyte, reducing agent, cold-cathode electron field emitter, oxidizing catalyst, ion emitter and as a transparent conductive oxide in flat panel displays, solar cells and transparent transistors [5, 6] .
While the fabrication of C12A7 single crystal and polycrystalline bulk has been studied extensively during the last few years, studies on the fabrication of C12A7 thin films are rather limited. The thin film fabrication techniques include pulsed laser deposition and sol-gel method, and magnesium oxide (MgO) single crystal is used as the substrate. A heat treatment temperature of 1,100°C in air atmosphere has been suggested for the crystallization of amorphous thin films prepared via pulsed laser deposition [7, 8] , while this temperature is mentioned to be too low for the crystallization of the solution processed films [9] .
The fabrication of C12A7 thin films via sol-gel technique has been previously reported employing ethyl acetoacetate (EAA) and aluminium sec-butoxide (ASB) as a chelating agent and the main precursor of aluminium oxide, respectively in the molar ratio of 1:1 in an ethanol solvent. Hydrochloric acid (HCl) was used as the pH regulator [10, 11] . However, our initial attempt in the deposition of C12A7 thin films on the MgO substrates using this recipe resulted in the formation of discontinuous films with dendritic growth behaviour. Therefore, the solution recipe was modified in order to increase the homogeneity and continuity of the films. Highly stable spreading solutions for spin coating were obtained using the modified recipe without the need for the addition of acid. This article presents the Fourier transform infrared (FTIR) and Raman spectroscopy investigations into the effect of heat treatment temperature and duration on the formation of sol-gel derived C12A7 thin films on magnesium oxide substrates. The compositional analysis of the sol-gel derived films is quite challenging due to the low thickness of the films and the interference from the substrate. ATR-FTIR spectroscopy (Attenuated Total Reflectance) and Raman spectroscopy have been successfully employed in order to identify different calcium aluminate phases which are formed at different heat treatment temperatures and durations. The formation of C12A7 phase is further confirmed by X-ray photoelectron spectroscopy. An appropriate heat treatment procedure is, therefore, suggested for the fabrication of sol-gel derived C12A7 thin films based on the FTIR and Raman spectral analyses.
Experimental details
For the sol-gel formulation, the solution was prepared using stoichiometric ratios of aluminium sec-butoxide (ASB) and calcium nitrate tetrahydrate (H 8 CaN 2 O 10 ) as the main precursors of aluminium oxide and calcium oxide respectively. The solutions containing each precursor were prepared separately and then mixed during the last step of the preparation. Since aluminium sec-butoxide is highly sensitive to the presence of water, ethyl acetoacetate (EAA) was chosen as a chelating agent. The EAA-to-ASB molar ratio was increased to 2:1 and isopropyl alcohol was used as the solvent with a molar ratio of 10:1 for both solvent-to-ASB and solvent-to-calcium nitrate ratios. Deionized water was mixed with the nitrate solution and then added to the alkoxide solution with water-to-ASB molar ratio of 5:1, forming highly stable spreading solutions for spin coating. A KW-4A spin coater was used for or 30sat the speed of 1,000 rpm to deposit 5-6 lm thick films on ultrasonically cleaned on 10 mm 9 10 mm 9 0.5 mm magnesium oxide (MgO) single crystal substrates. All the samples were left drying slowly for at least 2 days prior to the heat treatment. The dried films were isothermally annealed at 1,100 and 1,300°C for the duration between 2 and 5 h under air atmosphere for the phase and compositional analysis. The effect of heat treatment on the surface morphology of the films was examined with the help of a JEOL JSM-6300 field-emission scanning electron microscope in a magnification range of 50-50,0009.
Using a spectrum 100 FTIR instrument equipped with diamond ATR accessory (Perkin Elmer), the infrared spectra for differently heated samples were obtained in a range of 400-4,000 cm -1 with a resolution of 4 cm -1 and accumulation of 100 scans per test. A sample area of 3 mm 9 3 mm was in contact with the diamond for each measurement and the data was collected from at least 5 randomly selected areas of the surface in order to ensure the reproducibility of the results. A Nicolet Almegra XR Raman spectrometer (Thermo Scientific) was employed to record the Raman spectra of annealed films in a range of 40-4,200 cm -1 using the laser beam wavelengths of 532 and 785 nm.
The elemental composition analysis was performed using a VG ESCALAB 210 X-ray photoelectron spectrometer (XPS) fitted with a non-monochromatic Al Ka X-ray source (1,486.6 eV) capable of operating with an X-ray emission current of 20 mA and an acceleration voltage of 12 kV. The take-off angle was fixed at 90°with the nominal analysis depth of 10 nm. The area corresponding to each acquisition was a rectangle of 5 mm 9 2 mm. Each analysis consisted of wide survey scans (pass energy 50, 1.0 eV step size) and high-resolution scans (pass energy 50, 0.05 eV step size) for component speciation. The numbers of scans were 10 and 5 for the survey spectra and each expansion respectively. The binding energy scale was calibrated using the Au4f 5/2 (83.9 eV), Cu2p 3/2 (932.7 eV) and Ag3d 5/2 (368.27 eV) lines of cleaned gold, copper and silver standards from the National Physical Laboratory (NPL), UK. The charge effects were corrected using the position of the C 1s peak at 284.5 eV.
Results and discussion
The microstructure of the thin film in Fig. 1 shows that the surface continuity of the film was preserved even after the heat treatment at 1,300°C for 2 h in air atmosphere and no cracks or scales were observed. A completely crystallized structure was formed with well-defined grain boundaries but with no trace of dendrite structure.
Two calcium aluminate thin films on MgO substrates were individually annealed at 1,100°C for 4 h and 1,300°C for 2 h. The absorption peaks in the IR spectrum in Fig. 2a shows that a thin film which was annealed at 1,100°C for 4 h is pentacalcium trialuminate 5CaOÁ3Al 2 O 3 (C5A3) but not C12A7. This formation may be attributed to a restrained crystallization of C12A7 on MgO substrate. C12A7 and C5A3 are quite similar in chemical composition with 48.5 and 47.8 % mass of CaO respectively [12] . However, they are not considered as polymorphs and are believed to form under different heat treatment atmospheres [13] . The main difference between these two phases is the absence of a nanoporous structure in C5A3 [14] . The AlO 4 tetrahedra in C5A3 form a network of five rings with a layered arrangement of Ca atoms. In C12A7, however, three irregular Ca octahedra share an edge and are joined with an Al tetrahedron through a four-coordinated oxygen atom forming a two-dimensional sheet structure.
In order to investigate the possibility of a phase transformation from C5A3 to C12A7, C5A3 thin films were additionally heat treated at 1,300°C for 2 h. The heat treatment duration was kept at 2 h in order to minimize any possible chemical reactions at the film-substrate interface and ensure the crystallization of the film. The FTIR spectrum of a thin film heat treated at 1,300°C for a further duration of 2 h is depicted in Fig. 2b . The phase analysis of the film shows a progress towards the formation of C12A7. Two new peaks appearing at 465 and 848 cm -1 are in good match with the IR peaks observed for C12A7 [15] . It has been reported that C5A3 transforms into C12A7 in the presence of oxygen in the atmosphere. The appearance of the two highintensity absorption peaks at 465 and 848 cm -1 and the nonexistence of all C5A3 medium-to-high intensity peaks confirm that the temperature of 1,300°C is high enough for the preferable formation of C12A7 for the duration of 2 h. The related symmetry and origin of these bands are given in Table 1 . Although some of the absorption peaks of C12A7 and C5A3 might be positioned at similar frequencies, the sharp absorption peak at 848 cm -1 is characteristic of C12A7. This absorption peak is the fundamental absorption band of C12A7 and corresponds to the vibration modes of the bonded tetrahedra Al-O bonds. A summary of the observed FTIR absorption bands of the C12A7 thin films along with the possible vibrational modes and the origin of these vibrations are given in Table 1 .
The Raman spectrum of a thin film heat treated at 1,100°C for 4 h is shown in Fig. 3a . The result of the Raman spectral analysis shows the formation of C5A3 after a heat treatment at 1100°C which is in accordance with FTIR results in Fig. 2a . Although some of the Ramansensitive peak positions of C5A3 are rather similar to C12A7, the appearance of a high-intensity peak at *600 cm -1 is characteristic of C5A3 phase. A few additional bands are also observed in the spectrum of C5A3, such as 348, 440 and 753 cm -1 , which can be useful in order to distinguish between the two phases. The Raman spectrum of a thin film after a heat treatment at 1,300°C for 2 h is depicted in Fig. 3b . The result of the Raman spectroscopy of the film is in accordance with the FTIR analysis. Both spectra confirm the formation of C12A7 after a heat treatment at 1,300°C under air atmosphere. The highintensity band at 517 cm -1 and medium-intensity band at 779 cm -1 are exclusively characteristic of C12A7 phase.
The symmetries determined for each vibrational frequency (Table 1) can be represented via the following relation suggested for the total number of vibrational modes for C12A7 framework:
þ 22F 2 ðIR; RamanÞ Raman shift, cm It is to be noted that due to the limitations of the FTIR equipment, the IR spectrum was only obtained down to a wavenumber of 400 cm -1 and therefore, it was not possible to compare the peaks of Raman spectroscopy to the ones of FTIR spectrum at relatively low frequencies. The lower-energy absorption peaks (below 400 cm -1 ) are mainly attributed to the vibrational modes of Ca and O atoms at the cage wall [16] .
The symmetry of the vibrational modes at 224, 779 and 848 cm -1 along with the main origin of IR bands at 465 and 982 cm -1 are not assuredly determined. The absorption peaks at 779 and 848 cm -1 belong to the fully symmetrical mode of A 1 [17] . However, the appearance of this peak in the FTIR spectrum of the film shows that F 2 symmetry might also exist for these types of vibrations. In general, the high-intensity Raman absorption peaks at *520 and 780 cm -1 and high-intensity FTIR peaks at *465 and 848 cm -1 [18] are the most characteristic features of C12A7 vibrational behaviour.
The X-ray photoelectron spectra of the dried gel and the crystallized film are shown in Fig. 4 . The results were obtained for the samples before and after heat treatment in order to determine the phases present in the dried gel and the final material. A comparison between the results obtained from this experiment and the binding energies reported in the literature is presented in Table 1 . The results of the analysis show that aluminium hydroxide (Al(OH) 3 ) is formed in the dried film before the annealing treatment is carried out. The presence of aluminium hydroxide is expected as the product of aluminium sec-butoxide hydrolysis. The peak at 289.46 eV (shown in the inset of Fig. 4 ) belongs to the O-C=O bond of ethyl acetate (MeCOOEt), which is possibly formed as a result of aluminium sec-butoxide chelation with ethyl acetoacetate and remains bonded to aluminium after exposure to air. The XPS spectrum of the thin film after annealing treatment corresponds to the binding energies of C12A7 compound.
The peak related to O-C=O bond has completely disappeared (inset of Fig. 4b ) which shows the decomposition of the chelating agent during the heat treatment. No separate peak was observed for the extra-framework oxygen site probably due to the binding energies of the O 2-1s level being too close to that of the lattice and/or the concentration of these species being too small compared to the ones of the framework oxygen ions [19] (Table 2 ).
Conclusions
The phase analysis of the sol-gel derived calcium aluminate thin films based on FTIR and Raman spectroscopy proved that the formation of this phase on magnesium oxide substrate is restrained at a heat treatment temperature of 1,100°C under normal air atmosphere and other calcium aluminate phases, such as C5A3, were preferably formed. An increase in the heat treatment temperature to 1,300°C, however, resulted in the formation of single-phase C12A7 film. The heat treatment duration, on the other hand, was found to have little effect on the preferable formation of this phase over other calcium aluminate phases. It is worth mentioning that the type of extra-framework species occupying the cages in the C12A7 framework can have a significant effect on the peak positions. The vibrational behaviour of the atoms at the cage wall is believed to be affected by the presence of the species occupying the cage, the extent of which depends on the radius, mass and charge of the occupying species as well as the nature and the crystallographic position of the vibrating atom at the cage wall. 
